C
oronary heart disease (CHD) is the leading cause of death in U.S. adults (1, 2) . Many persons do not experience symptoms before a major first CHD event, such as sudden cardiac arrest, myocardial infarction, congestive heart failure, or unstable angina (3) . Traditional Framingham risk factors (age, sex, blood pressure, serum total or low-density lipoprotein cholesterol concentration, highdensity lipoprotein cholesterol concentration, cigarette smoking, and diabetes) can help predict future CHD events but do not explain all of the excess risk (4, 5) . Supplementing traditional risk factor assessment with other methods, including resting or exercise electrocardiography (ECG), might help better guide use of risk-reduction therapies in asymptomatic persons without known CHD (6) .
In 2004, the U.S. Preventive Services Task Force (USPSTF) recommended against screening with resting or exercise ECG in adults at low risk for CHD (D recommendation) and found insufficient evidence for a recommendation in adults at increased risk (I recommendation) (7) . To update its recommendations, the USPSTF commissioned a new evidence review in 2009 to systematically evaluate the current evidence on screening with resting or exercise ECG. Our report differs from earlier USPSTF reviews because we focused on studies that adjusted for traditional cardiovascular risk factors, performed metaanalysis, and evaluated whether screening with ECG in improves risk reclassification. The key questions, analytic framework (Appendix Figure, available at www.annals .org), and scope were developed in accordance with previously published USPSTF processes and methods. The key questions were as follows:
1. What are the benefits of screening for abnormalities on resting or exercise electrocardiography compared with no screening on coronary heart disease outcomes? 2. How does the identification of high-risk persons via resting or exercise electrocardiography affect use of treatments to reduce cardiovascular risk?
3. What is the accuracy of resting or exercise electrocardiography for stratifying persons into high-, intermediate-and lowrisk groups?
4. What are the harms of screening with resting or exercise electrocardiography?
METHODS
We followed a standard protocol for this review. Detailed search strategies, selection criteria, evidence tables, quality assessments, and forest plots are available in a technical report available at the Agency for Healthcare Research and Quality (AHRQ) Web site (8) .
Data Sources
We searched MEDLINE from 2002 through January 2011 and the Cochrane Library database through the fourth quarter of 2010 to identify relevant Englishlanguage articles. We also reviewed reference lists of relevant articles and included studies from the previous USPSTF review that met inclusion criteria.
Study Selection
We included studies that evaluated persons without symptoms of CHD, reported results separately for asymptomatic persons, or had fewer than 10% of participants with symptoms. Randomized, controlled trials and controlled observational studies were included if they evaluated the effects of screening with resting or exercise ECG versus no screening on clinical outcomes (benefits or harms) or the use of lipid-lowering therapy or aspirin (interventions for which recommended use varies by assessed cardiovascular risk). Prospective cohort studies that reported rates of cardiovascular outcomes and controlled for at least 5 of the 7 Framingham cardiovascular risk factors (male sex, age, tobacco use, diabetes, hypertension, total or low-density lipoprotein cholesterol concentration, and high-density lipoprotein cholesterol concentration) by means of restriction (such as by enrolling only male participants) or adjustment were also included. Two reviewers independently evaluated each study to determine inclusion eligibility. Only published studies were included.
Data Extraction and Quality Assessment
One investigator abstracted details about the population, study design, analysis, and duration of follow-up; the Framingham risk factors and other adjusted confounding factors; and results. A second investigator reviewed the data abstraction for accuracy. Two investigators independently applied criteria developed by the USPSTF (9) to rate the quality of each study as good, fair, or poor. Discrepancies in quality ratings were resolved by consensus.
Data Synthesis and Analysis
Using methods developed by the USPSTF, we assessed the aggregate internal validity (quality) of the body of evidence for each key question as good, fair, or poor, on the basis of the number, quality, and size of the studies; consistency of results between studies; and directness of evidence (9) .
To evaluate the benefits of screening for asymptomatic CHD, we focused on (in order of preference) death from CHD, death from cardiovascular disease, nonfatal myocardial infarction, all-cause mortality, stroke, other cardiovascular outcomes (such as congestive heart failure), and composite cardiovascular outcomes. The accuracy of screening with ECG for identifying the presence or degree of asymptomatic atherosclerosis was not evaluated because of its unclear clinical implications. Participant anxiety, labeling, and rates and consequences of subsequent tests and procedures were evaluated to assess the harms of screening. Other USPSTF reviews (10, 11) have evaluated adverse outcomes associated with lipidlowering therapy and aspirin.
Several methods were used to assess the incremental value of resting or exercise ECG (12) . We evaluated how adding screening with ECG to traditional risk factor assessment affects reclassification of persons as being at high (10-year risk for CHD events Ͼ20%), medium (10% to 20%), or low (Ͻ10%) risk compared with classification on the basis of traditional risk factors alone (13) . The recent literature (13) (14) (15) (16) has emphasized understanding the frequency and accuracy by which people are reclassified into different risk categories, which can have an important effect on clinical decisions (6, 17) . We also evaluated how adding resting or exercise ECG to traditional risk factor assessment changed the c-statistic (which measures how accurately a risk assessment method separates persons with from those without a disease or outcome [18] ), when this was reported, and whether screening with ECG improves calibration (the degree to which predicted and observed risk estimates agree [15] ).
Context
What are the potential benefits of screening electrocardiography (ECG)?
Contribution
Studies included in this systematic review showed that some abnormalities found on resting or exercise ECG were independent predictors of future cardiovascular events. No study compared clinical outcomes or use of risk-reducing therapies between persons who did and did not receive screening ECG. No studies assessed whether ECG findings better classified patients into meaningful risk groups than did traditional risk factor assessment alone.
Implication
Some abnormalities on ECG are risk factors for cardiovascular events, but the benefits and clinical implications of routine ECG screening are not clear.
-The Editors
Most studies did not provide sufficient data to estimate the degree and accuracy of reclassification. They instead provided an estimate of risk associated with the presence (vs. the absence) of abnormalities on ECG after adjustment for traditional risk factors. We used Stata/IC, version 11.1 (StataCorp, College Station, Texas), to conduct meta-analyses of abnormalities on ECG that were evaluated by at least 3 studies of (in order of preference) adjusted estimates of risk for CHD death, death from cardiovascular disease, nonfatal myocardial infarction, allcause mortality, or composite cardiovascular outcomes, using the Dersimonian-Laird random-effects model (19) . Heterogeneity was estimated by using the I 2 statistic (20) . If at least 5 studies evaluated an electrocardiographic abnormality, potential sources of heterogeneity were assessed by stratifying studies according to the outcome evaluated, study quality, and use of different definitions for the abnormality being evaluated. Sensitivity analyses were performed that excluded outlier studies, if present. Metaregression was also performed on the proportion of men enrolled in the study, the number of traditional risk factors adjusted for (range, 5 to 7), and the duration of follow-up.
Role of the Funding Source
Our study was funded by AHRQ under a contract to support the work of the USPSTF. Staff at AHRQ and members of the USPSTF helped to develop the scope of the work and reviewed draft manuscripts. Approval from AHRQ was required before manuscript could be submitted for publication, but the authors are solely responsible for the content and the decision to submit it for publication.
RESULTS
The Figure 
What is the accuracy of resting or exercise electrocardiography for stratifying persons into high-, intermediate-and low-risk groups?
No study estimated how accurately resting or exercise electrocardiography classified participants into high-, intermediate-, or low-risk groups compared with traditional risk factor assessment alone, or provided sufficient data for constructing risk-stratification tables (13) . One study in women (22) found that adding resting ECG findings to the Framingham risk score increased the c-statistic for prediction of future CHD events from 0.69 to 0.74, but the CIs for the estimates overlapped substantially. Another study in men and women (23) reported a c-statistic of 0.73 for traditional risk factor assessment by using the European Systematic Coronary Risk Evaluation (SCORE) alone versus 0.76 for SCORE plus exercise ECG variables (CIs not reported).
Twenty-seven prospective cohort studies of resting ECG, reported in 28 publications (22, 24 -50) were rated good-quality; the rest were rated fair-quality. The most common methodological shortcomings were no description of handling of participants with uninterpretable ECG results (43 of 62 studies), loss to follow-up (39 of 62 studies), or race in reports of baseline demographic characteristics (31 of 62 studies). Three studies (70, 71, 79) , discussed separately, only enrolled persons with diabetes mellitus or impaired fasting glucose.
Several abnormalities on resting ECG were associated with an increased risk for subsequent cardiovascular events ( Table 1) . The pooled adjusted hazard ratio (HR) was 1.9 (95% CI, 1.4 to 2.5; I 2 ϭ 62%) for persons with resting ST-segment abnormalities (5 studies [27, 29, 33, 36, 39] ), 1.6 (CI, 1.3 to 1.8; I 2 ϭ 56%) for those with T-wave abnormalities (6 studies [27, 29, 33, 36, 39, 45] ), and 1.9 (CI, 1.6 to 2.4; I 2 ϭ 50%) for those with either STsegment or T-wave abnormalities (7 studies [28, 31, 33, 41, 42, 49, 50] ).
Left ventricular hypertrophy (LVH), left-axis deviation, and bundle branch block on resting ECG were each associated with a similar risk for subsequent cardiovascular events. The pooled adjusted HR was 1.6 (CI, 1.3 to 2.0; I 2 ϭ 46%) for LVH (8 studies [24, 25, 29, 35, 36, 39, 41, 50] ), 1.5 (CI, 1.1 to 1.9; I 2 ϭ 0%) for left-axis deviation (3 studies [29, 41, 50] ), and 1.5 (CI, 0.98 to 2.3; I 2 ϭ 46%) for bundle branch block (4 studies [29, 39, 41, 42] ).
Six studies (22, 29, 37, 38, 41, 50) evaluated major or minor abnormalities on resting ECG and subsequent cardiovascular events, but the results could not be pooled (29, 50) , the association between minor abnormalities and subsequent CHD events did not reach statistical significance.
Other abnormalities on resting ECG have been evaluated, including prolonged QT interval, ischemic changes, atrial fibrillation, right-axis deviation, Q waves, ventricular premature contractions, and high resting heart rate (26, 32, 34, 38 -40, 42, 46 -48, 86) , but these were evaluated in too few studies or were too variably defined to draw firm conclusions about their usefulness as predictors. Several studies were not included in the meta-analyses because they evaluated nonpooled outcomes or electrocardiographic abnormalities. One study (43) with greater risk for congestive heart failure than no bundle branch block (30) . Another study (44) found new or incident LVH on 6-year follow-up ECG to be associated with increased risk for CHD death. Several abnormalities on exercise ECG were also associated with an increased risk for subsequent cardiovascular events ( Table 1 In 4 studies (51, 52, 66, 72), chronotropic incompetence on exercise ECG (defined as inability to reach 85% or 90% of maximum predicted heart rate) was associated with a pooled adjusted HR of 1.4 (CI, 1.3 to 1.6; I 2 ϭ 0%) for subsequent cardiovascular events. Abnormal heart rate recovery (defined as a decrease of Ͻ12 beats/min from peak heart rate 1 minute into recovery or of Ͻ42 beats/ min after 2 minutes) was associated with a pooled adjusted HR for all-cause mortality of 1.5 (CI, 1.3 to 1.9; I 2 ϭ 0%) in 3 studies (23, 54, 74) . Studies that were excluded from the meta-analysis because they evaluated ECG findings as multicategory or continuous variables also found that lower maximum heart rate (24, 34, 84) and slower return to baseline heart rate were associated with increased risk (34) .
Decreased exercise capacity or fitness (on the basis of metabolic equivalents or watts achieved or exercise duration) was consistently associated with increased risk for subsequent cardiovascular events or mortality in 9 studies (23, 53, 60, 61, 69, 77, 81, 82, 85), but results could not be pooled because of the different methods of measurement and analysis. In 6 studies (23, 53, 61, 69, 77, 85), adjusted HRs for subsequent cardiovascular events or allcause mortality ranged from 1.7 to 3.1 for lower versus higher exercise capacity categories. In 5 studies (23, 60, 69, 81, 82) , lower exercise capacity was also predictive when analyzed as a continuous variable.
Two studies (63, 72) found ventricular ectopy during or after exercise ECG to be associated with increased risk for cardiovascular events (HR, 2.5 [CI, 1.6 to 3.9] and 1.7 [CI, 1.1 to 2.6], respectively). One study each found decreased peak oxygen pulse (53), lower Duke treadmill score (60) , and "abnormal" (undefined) exercise ECG (53) associated with increased risk for cardiovascular events. Finally, 1 study (73) found that having both low heart rate recovery and low metabolic equivalents was a stronger predictor of death from cardiovascular disease than having either abnormality alone.
Stratifying the studies in the meta-analyses by type of cardiovascular outcome assessed, study quality, or restriction to men resulted in estimates that were similar to the overall pooled estimates and did not reduce observed statistical heterogeneity. An exception was LVH on resting ECG, for which estimates were lower for the 4 studies rated good-quality (HR, 1.2 [CI, 0.9 to 1.7]; I 2 ϭ 31%) (24, 29, 36, 50) than for the 4 rated fair-quality (HR, 2.0 [CI, 1.6 to 2.5]; I 2 ϭ 0%; P for difference ϭ 0.03) (25, 35, 39, 41) . Variability in the proportion of men, duration of follow-up, or number of traditional risk factors adjusted for also did not explain the between-study variance in estimates. Excluding the outlier trials (23, 72) from the meta-analysis of ST-segment depression on exercise ECG did not reduce statistical heterogeneity or result in different estimates. In studies that stratified results by sex (26, 29, 33, 37, 39, 42, 52, 53, 73, 85) , estimates of risk associated with various abnormalities in resting and exercise ECG were either similar for men and women or had overlapping CIs.
Two studies (70, 79) evaluated exercise ECG in diabetic participants. One study (70) found that 1-mm STsegment depression or elevation with exercise was associated with increased risk for CHD death (HR, 2.1 [CI, 1.3 to 3.3]). The second study (79) also found that exerciseinduced ST-segment depression was associated with increased risk for CHD events, but the sample size was small (86 participants) and the CI was very wide (HR, 21 [CI, 2 to 204]). One other study (71) found higher fitness on exercise ECG (on the basis of maximum exercise duration and metabolic equivalents) was associated with a lower risk for all-cause mortality than low fitness (HR, about 0.65 for either moderate or high fitness) in women with impaired fasting glucose or undiagnosed diabetes.
Key Question 4
What are the harms of screening with resting or exercise electrocardiography testing?
Direct Harms
No studies reported harms directly associated with resting ECG. For exercise ECG, 1 study with 377 participants (87) , included in the previous USPSTF review, reported no complications as a direct result of screening. Survey data that included symptomatic participants undergoing exercise ECG reported arrhythmia in fewer than 0.2%, acute myocardial infarction in 0.04%, and sudden cardiac death in 0.01% (88) . The overall risk for experiencing sudden death or an event that requires hospitalization has been estimated to be 1 per 10 000 tests (88) .
Harms Associated With Subsequent Tests or Interventions
We identified no studies on harms associated with follow-up testing or interventions after a screening resting or exercise ECG. In 9 studies (87, 89 -96) , summarized in the previous USPSTF evidence review (97) , rates of subsequent angiography in primarily asymptomatic participants after an abnormal exercise ECG ranged from 0.6% to 2.9%, excluding an outlier study of hypertensive veterans (94) with a 13% angiography rate. Two subsequent studies of screening exercise ECG (23, 55) , comprising 4605 participants, found that 0.6% and 1.7% of the total sample subsequently had angiography, and 0.1% (4 of 3554) and 0.5% (5 of 1051), respectively, had a subsequent revascularization procedure.
None of these studies estimated complications associated with angiography or revascularization procedures. On the basis of large, population-based registries that include symptomatic persons (98), the risk for any serious adverse event as a result of angiography is about 1.7%; this includes risk for death (0.1%), myocardial infarction (0.05%), stroke (0.07%), and arrhythmia (0.4%).
Coronary angiography, computed tomography angiography, and myocardial perfusion imaging are associated with radiation exposure that could increase cancer risk. Coronary angiography is associated with an average effective radiation dose of 7 mSv and myocardial perfusion imaging with a dose of 15.6 mSv (99) .
Persons who have an abnormal screening result and undergo additional testing, but do not have coronary artery disease, are subjected to potential harms without the possibility of benefit. One study included in the previous USPSTF review (96) found severe coronary artery disease in 15% of participants who had angiography; another (89) found that 55% of participants who underwent angiography had greater than 50% occlusion and 37% had greater than 70% occlusion in at least 1 coronary artery. A recent, large (nearly 400 000 participants) study (100) of a primarily symptomatic population (70%) who had angiography found that 39% had no coronary artery disease (defined as Ͻ20% stenosis). Table 3 summarizes our results. Like the previous USPSTF reviewers, we found no studies that evaluated clinical outcomes or use of lipid-lowering therapy or aspirin after screening with resting or exercise ECG compared with no screening. Another critical research gap is that no studies directly evaluated the incremental value of adding screening with ECG to traditional risk factor assessment for accurately classifying persons into different risk categories. The lack of information on reclassification is critical from a clinical perspective because decisions regarding therapies for reducing cardiovascular risk are often based on whether a person is classified as having low (Ͻ10% risk over the next 10 years), intermediate, or high (Ͼ20%) risk for future CHD events. On the basis of current data, we cannot determine the degree to which resting or exercise ECG accurately moves a person from one risk category to another, rather than yielding a more precise estimate in a risk category (which is less clinically useful). For example, in populations at very low (Ͻ5%) risk for CHD events, Most of the available evidence evaluated the association between abnormalities on resting ECG (ST-segment abnormalities, T-wave abnormalities, LVH, left-axis deviation, or bundle branch block) or exercise ECG (STsegment depression with exercise, chronotropic incompetence, impaired heart rate recovery, or decreased exercise capacity) and risk for subsequent cardiovascular events, after adjustment for traditional Framingham risk factors. The adjusted pooled HRs ranged from around 1.4 to around 2.1 for various abnormalities on resting or exercise ECG. Despite strong evidence that such abnormalities are associated with increased risk beyond that accounted for by assessment of traditional risk factors, understanding the usefulness of screening requires additional information on the reclassification that would result and on whether such reclassification would lead to clinical actions that improve patient outcomes (6) .
DISCUSSION
Evidence on harms associated with screening ECG is limited. However, serious direct harms seem to be minimal with resting ECG (other than possible anxiety or labeling) and small or rare with exercise ECG (for example, ischemia or injuries associated with exercise), assuming appropriate attention to contraindications to exercise testing and adherence to standard safety precautions. However, the potential downstream harms from additional testing or interventions that result from screening could be of greater concern. Some patients have angiography after a screening ECG and are therefore exposed to the potential harms related to that procedure, which include bleeding, radiation exposure, and contrast allergy or nephropathy. Patients who receive lipid-lowering therapy or aspirin because of screening ECG are exposed to the harms related to those interventions. Evidence on downstream harms associated with screening is not available, although data indicate that 0.6% to 1.7% of patients subsequently have angiography. A small proportion (Ͻ1%) of patients have revascularization with coronary artery bypass graft surgery or a percutaneous coronary intervention after screening exercise ECG, despite the risks of these interventions and their lack of benefits in asymptomatic persons (23, 55) .
Our evidence review has limitations. We included only English-language studies, which could have resulted in language bias. A random-effects model was used to perform meta-analysis, because studies that evaluated the risk associated with various rest or exercise ECG abnormalities varied in quality and duration of follow-up, assessed different patient populations and cardiovascular outcomes, and used different methods to define the abnormalities. Although statistical heterogeneity was present in several of the meta-analyses, stratified analyses and meta-regression had little effect on estimates and conclusions. Referral bias could have resulted in underestimates of risk if identification of electrocardiographic abnormalities led to increased use of treatments effective at reducing cardiovascular risk.
Studies are needed to directly evaluate how screening with resting or exercise ECG affects clinical outcomes compared with no screening. Any screening study should also evaluate harms, including downstream harms related to additional testing and therapies. Although randomized trials would be desirable, well-conducted, nonrandomized prospective studies could also be informative. In the absence of direct evidence on the clinical effects of screening, data from future studies on risk prediction should enable estimates of reclassification, from which potential benefits of screening might be extrapolated on the basis of the known efficacy of interventions in high-risk populations. Decisions to allocate resources to update this or similar reviews on the usefulness of screening ECG might be predicated on the availability of such evidence, identified by using literature scans or other methods. Many of the studies included in our review evaluated large sample sizes over long periods, and the information needed to assess reclassification rates in these databases probably already exists. Reanalyzing preexisting databases would therefore be a more efficient method for obtaining information on reclassification than would initiating new studies. 
